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1 INTRODUCTION AND SUMMARY

1.1 COST ESTIMATING AND SOFT™ARE COST MODELS

Cost estimating is an integral part of the Air Force major weapon
system acauisition process [1] [2] [3]. The Air Force manages the weapon
system life cycle by continually balancing performance, cost, and risk for
the system and its components. Throughout the weapon system Tife cycle it
is necessary to estimate the cost of part or all of the system over a part
or all of its development and operational life,

Computers are an increasingly important part of Air Force weapon
systems in terms of both function and cost [4] [5]. Until recently, most
of the cost analysis and planning related to computer subsvstems was directed
to the harcware. However, increased capabilities and reductions in the cost
of hardware have had the effect of increasing the amount of software needed
for each system and its cost relative to the cost of the hardware. It is now
often necessary to budget large portions of the system life cycle cost to the
development and maintenance of these software components [6] [7] [8].
Therefore, more attention is being given to the methods used for making
estimates of the resources to be invested in the software subsystems.

A software cost model is a systematic procedure that relates cost
to certain variables or cost factors. A number of such models are available
to cost analysts. The Air Force has commissioned this study to examine someé
of these models to learn the extent to which they satisfy Air Force needs and
te learn how the quality of software estimating can be improved.

1.2 THE AIR FORCE PERSPECTIVE AND SOFTWARE COST MODEL RELIABILITY

There are cost estimating situations in which the Air Force must
consider the effect on software cost of who builds it or how it is built.
Therefore, it is useful to divide cost factors into those that describe the
product under development and those that describe the manner in which it is
built. Cost factors other than those that describe the product are affected
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by the selection of a development organization or the development process.
These non-product cost factors are difficult to identify and measure. In the
case of hardware porducts they include such things as experience, tools, and
facilities. Given the proper adaptation of definitions, the same terms are
appiicable to software development. In either case, these environmental
factors may appear explicitly in cost estimating procedures or, more often,
they may influence the applicability of a given model to a given development
environment in some unknown way. A major consideration in evaluating models
for Air Force use is measuring the ability of the model to define the environ-
mental parameters. This is because the Air Force must always make its
estimates at arms length. It must know how the cost of software is influenced

oy how it is developed and who develops it.

It may be helpful to compare methods for estimating software cost
with those used for estimating computer hardware cost. Computer hardware
‘cost estimating is more advanced than software cost estimating. This is
because there has been a recognized need for it for a longer time and
because cost estimating techniques that were developed for other electronic
components were adaptable to computers. Hardware possesses readily -
identifiable measures of size and performance that nave been correlated with
cost [9] [10]. Given a hardware product with specified physical and
functional characteristics, methods exist [11] [12] [13] [14] for considering
the effects on cost of non-product factors such as state of the art advance,
experience, learning and manufacturing techniques. Therefore, it is possibie

to make early cost estimates using average industry performance {or some
desired increase over the existing average); and then, in later phases of
the 1ife cycle, it is possible to evaluate proposals and give proper credit
for new approaches and to identify high risk or infeasible concepts.

Although software costs are also affected by non-product factors
{157 [16] [17], there are no reliable procedures for quantitatively
describing their effects on cost. The most common existing procedure
for accounting for differences in development methods or organizational
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; experience is to base model estimates on historical experience similar

to the proposed development environment. However, there is very little
objective basis for distinguishing among projects to determine whether
they‘are truly applicable to the proposed environment. This capability is
aessential if the Air Force is to properly evaluate software development
and maintenance proposals from diiierent organizations.

There are several reasons why software cost estimates are not as
reliable as those for hardware [18] [19]:

e Software development engineering is a relatively new discipline.

e Software design and development methods have been affected by
the explosive development of computer hardware which has changed
the cost incentives relating software and hardware.

e Software has only recently become a major cost item in the weapon
system life cycle.

e The relationships betweem cost and generally accepted cost factors
are not established.

e Reliable historical data on software costs are almost nonexistant.

None of these deterrents to reliable software cost estimates represents
an insurmountable barrier. One purpose of this project is to evaluate a
number of existing cost estimating techniques or models to learn how to
overcome past probiems.

1.3 OVERVIEW OF THE SOFTWARE MODEL EVALUATION

The evaluation design stems from the belief that any evaluation
of the merits of different approaches to a given objective (i.e., obtaining
good cost estimates) should be based on the comparison of the approaches
with some standard. To permit the evaluation to be only a comparison
of how the several existing software models are alike and different is
an abdication of the evaluator's prerogative to impose the standard of
measurement. To look at all existing models, make a list of their
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characteristics and then show how each compares with all the others,

makes the assumption that the Air Force needs are represented in the study
population. It implies that there are no requirements other than those
that prompted the designs of the test subjects. Furthermore, it fails

to consider whether the existing models have satisfied even their creators

objectives.

A detailed statement of Air Force estimating needs (Section 2.1),
establishes objective standards for cost models that avoids features or
qualities of existing models that may be expensive or difficult to achieve,
and which are not needed. It is then relatively easy to compare model
characteristics and evaluation objectives. Since the evaluation is based
on satisfaction of needs, this approach provides a ready basis for
establishing priorities for possible research programs. '

Past comparative studies of software cost models [20] [21] [22]
[23] [24] [25] [26] [27], have provided descriptions of model features and
discussed different methods for making estimates. Several studies [28]
[29] [30] have been published describing estimating experience with the PRICE S
model. Bdut there has been no comprehensive analysis of predictions
relative to needs nor a comparative analysis of estimating performance
using data from different environmenfs. This evaluation compares
estimating performance using three different development data sets.
This is an important part of the evaluation design because several
reports indicate that environment is a significant factor affecting model
estimating accuracy [31] [32] [33]. The use of three data sets is ‘
intended to help identify model features that are sensitive to environ-
mental change. Controlling these factors should help uncover other
determinants of accuracy.

[f the objective of the accuracy evaluation was to determine which

of the nine models is the most accurate estimator on a éiven data set, it
would only be necessary to execute the models using the same data and
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tabulate the difference between the predicted and measured values of the
test variable. Such an evaluation, however, would not tell the Air Force
whether the measured accuracy would be obtained for all estimating
situations or guide future model development by indicating model attributes
that contribute to higher estimating accuracy.

The evaluation of model accuracy should address the following

considerations:

o The effect of the software development environment on model
performance.

e Attiributes of the environment that are associated with the best
and worst performance of a model. That is, factors that indicate
when it is best to use a given model and when it should not be used.

e The effect on the accuracy measurement of incomplete input sets
among the test data.

& The characterization of model structures in a way that will help
to identify correlations between structural attributes and
estimating performance.

1.4 SUMMARY OF THE REPORT

The material in this report is presented in much the same sequence
that the evaluation project was completed. The models to be evaluated
were selected and analyzed, the evaluation criteria including Air Force
cost estimating needs and accuracy were established, data sets were
identified and qualified, and finally the evaluation protocol was executed
and the results analyzed. Specifically, the pertinent sections of the
report are:

Descriptions of the Evaluated Models
Definition of the Evaluation Procedure

The Establishment of the Evaluation Criteria
Execution of the Evaluation Procedure
Analysis of the Results of the Evaluation
Recommendations for Future Model Development

~N Oy Y WM
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Section 2 presents the general selection criteria used for the
models and includes a one-page summary of each model. The models are
described according to the three structural types developed in Section 4.2,
their method of making their initial and subsequent estimates, and their

outputs.

Section 3 2xplains the evaluation criteria established for Air Force
cost estimating needs and the measurement of predictionaccuracy. The
cost estimating information needs are established by the Major Weapon
System Acquisition Process (Section 3.1). Consistent with this process
is the Air Force Software Life Cycle and a comprehensive Work Breakdown
Structure (Appendix B). The Ueapon System Acquisition Process gives rise
to five cost estimating situations that should be supported by cost
models. The Software Life Cycle defines the set of activities and events
that describe the boundaries of the cost estimates. The Work Breakdown
. Structure establishes the elements of the product within the 1ife cycle
phases that must be identifiable by separate cost values. The evaluation
of the extent to which existing models satisfy the five estimating situa-
tions is made by comparing the model outputs with the requirements in
terms of scope and detail.

Estimating accuracy may be measured using different variables.
Section 3.2 discusses several alternative methods and explains why the
Average Relative Root Mean Scuare Error was selected.

A large part of the effort spent on the project was devoted to
obtaining accurate descriptions of model inputs and outputs (Section 3.1).
Most published model descriptions are vague in their definitions of their
variables. It is difficult to know exactly which cost elements are
included in the model estimates. One common problem was the variations
in the use of the most frequently used input: size of code. Many
different definitions were encountered.

1-6




Section 4.2 describes the three categories used to designate the
model structures:

e Regression
® Heuristic
¢ Phenomenological

Section 4.3 describes the three organizations that contributed data
to the evaluation and some of the processes used to obtain and qualify it.

The nine test models are associated with such a large number of
different input and output variables that none of the data sets was rich
enough to provide measured values of each. Section 4.4 describes how the
missing data items were handled.

The results of the evaluation are presented in Section 5. Section 5.1
describes how well the models satisfy the cost information needs establiished
by the five cost estiigating situations, the Software Life Cvcle definitions
and the Work Breakdowf\syructure. ‘Section 5.2 contains the results of the
accuracy measurements. Estimating performance is related to model and

environmental characteristics.

The evaluation ihdicates that the performance of the models tested
is very sensitive to the development environment. Within an environment
characterized by similar projects, personnel experience and management
techniques, the most accurate models achieved an average estimating error
of about 25 percent on the basis of the root mean square error. However,
a model that exhibits such performance on one data set may demonstrate an
average error approaching 100 percent on another. Even within a single
environment one of the best performing models has an error range of + 50
percent. These error measurements were made after the models were calitrated
on the test data sets. Therefore, the accuracy is greater than would re
expected when estimating a new project.
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] These results indicate that in virtually all estimating situations
there are factors that are not properly accountec for by the mocels tested.
These factors are affected by changes occurring between environments and

within an environment.

The results of the evaluation are summarized as follows:

A comparison of the outputs of the models under investigation with
the Air Force estimating needs indicates that:
e The supporting materials for most of the models do not clearly
state the elements included in their estimates and are not precise
about their definitions. '

e The existing models are better able to satisfy information needs
early in the acquisition life cycle.

e None of the models included in this study fully satisfy the Air
Force need for information eitnher with regard to scope or detai..

e The models tend to be phase oriented and do not properly describe
activities that cross phase boundaries. This precludes obtaining
data compatible with both management planning (phase related) and
product cost (WBS).

e Although most of the models use the summation of program or module
sizes to make their cost estimate, only one model stucied provides
for keeping track of the cost on a compcnent basis and accounts
for the cost of system integration. None of the models provide
for al) four levels of system definition called for in the Work
Breakdown Structure (Ref. Appendix B).

Based on the relative root mean square error measure of performance:

e Recalibration* is the primary factor contributing to the
differences in estimating performance among the models tested.

e The contribution of model structure* to estimating accuracy is
not significant when the models have been calibrated to the
development environment*.

—
Definitions of these terms are given in Section 1.5.
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e The development environment significantly affects the relative
performance of the models tested.

e The effect of davelopment environment on estimating performance
precludes the possibility of obtaining generally applicable
measures of model performance without applying additional controls.

® Models that do not use size as an input may perform as well as
those that do.

e The average RMS Error for all tested models is unacceptably large
for Air Force estimating purposes.

e The best performance obtained by any group of the models tested is

not adequate for Air Force needs.

Caution must be exercised to avoid extending the interpretation of
the results of the accuracy measurements beyond the constraints of this
study. Section 6 discusses five considerations affecting the reliability
of the measurements. H

Section 6.1 explains how the development environment affects
estimating performance and the rankings of the models.

Section 6.2 considers the effects on the accuracy measurement of
errors in the estimated input values.

Section 6.3 describes the methods used to calibrate the models on
the historical data sets and the implication for the evaluation.

Section 6.4 explains the use by some models of parameters and L
variables that can never be measured.

The recommendations for future model development are divided into

two parts. Section 7.1 describes needs for new experiments identified during
this project. Section 7.2 makes recommendations for better data definition i

and collection.




1.5 SOME DEFINITIONS

The discussions in this document include several terms that have
specific meanings within the context of the evaluation. They are defined
here to clarify the presentation of the results.

Model Structure. A cost estimating model is considered to be the specific

representation of the model structure and its associated parameters that

is to be executed in a given cost estimating situation. A model structure
includes imputs, a calculation process and outputs. It is the formal
representation of how the outputs are related to the cost driving variables
or inputs. In addition to the inputs, which represent the attributes of a
specific project or development effort, there are parameters of constants

that complete the quantification of the model. The parameters may be obtained
empirically from representative past projects or they may be subjective.

They determine and represent the universe of environments for which the model
is appiicable. In some cases, different parameters are given for different
estimating situations (e.g. Doty); in others, the models are presented with-
out restrictions on the applicability of the parameters. Two models (PRICE S
and SLIM) identify the parameters and provide means for estimating them for
any environment,

Throughout this report the term "model" refers to the combination
of the "model structure" and values of the parameters. The "model structure"
is the representation of the estimating hypothesis. Our ultimate objective
is to relate the attributes of the model structure to accuracy.

Calibration. The process by which values of model parameters are obtained
for a given cost estimating situation is called "calibration". The calib-
ration of a model structure may be performed using formal curve fitting
methods on a representative historical data set, by using an execution

mode of the model, or by selecting values from experience. An important
consideration in this evaluation was the proper selection of representative
data and methods for calibrating the model structures.

e mm blA ot



Environment. This is a general term used to describe the source of
influencing forces that are external to the product being developed. As
was mentioned before, it is conceptually helpful when analyzing model
] structures to divide the cost-driving factors into two groups: factors
that describe the product and are therefore unchanged by how or where
the development is completed; and factors that affect the resources needed
to develop the product but are independent of its characteristics. The
first group are usually referred to as input variables and the second
group constitutes the environmental parameters. Examples of environmental
factors are: type of development organization, type of contract, method
of project organization, development methods, supportiﬁg software,
facilities, and description and availability of computer hardware.




2 MODEL DESCRIPTIONS
Software cost estimating models were selected for evaluation for
one or more of the following reasons:
o Possessing a unique structure
Representing a common type of structure
A representative choice of input variables
A unique choice of input variables

Widespread use

e Otherwise interesting to the Air Force.
The following models were evaluated:

¢ Aerospace Corporation

Tecolote Research Corporation

e Boeing Computer Services

¢ DoD Micro Estimating Procedura
e Doty Associates, Inc,

o Farr and Zaoorski

e PRICE S

e SLIM

)

.

Wolverton

Detailed descriptions of “he models including their inputs and
outputs are presented in Appendix A. The following are one-page summaries
of the models (Table ]) =hat describe the characteristics upen which inferences
concerning the contribution of model structure to performance are based.
These attributes include:
o Model type

e Estimating Procedure
- Level of initial estimate
- Method of making initia) estimate
- Method of making subsequent estimates
e Characterization of productivity
Qutputs




AE ROSPACE CORPORATION

STRUCTURE

Type.

First estimate.
Subsequent estimates.

Development effort is ¢
an estimating equation

Regression

Development effort.
Single parameter

No further breakdown of effort.

alculated given the number of instructions using
of the form:

MM = aIb
where MM = Manmonths of development effort
1 = Number of instructions
a,b = Constants
QUTPUTS
Effort.
Scope. Assumed to be Analysis through System Test.
Detail. System or CPCI level.
Table 1 Sumrary of Model Characteristics




BOEING COMPUTER SERVICES

STRUCTURE
Type. Heuristic

First estimate. Development effort.
Multi-parameter

Subsequent estimates. Allocations using fixed ratios followed by phase-
© related adjustments.

The system is divided intc five types of software and the number of delivered
instructions is estimated for each component. The system development effort
is obtained by multiplying the productivity rate in manmonths per instruction
for each type of software and adding the values for the components. The
development effort is divided into six 1ife cycle phases using fixed ratios.
The phase estimates are adjusted for certain development and software charac-
teristics and recombined to form a revised total development effort.

QUTPUTS
Effort.
Scope. Analysis through System Test

Detail. System level

Table 1 :Cont) Summary of Model Characteristics ]
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00D MICRO PROCEDURE

STRUCTURE

Type.

First estimate.

Subsequent estimates.

Heuristic

Portion of development effort (Direct
development effort)
Multi-parameter

_Fixed ratios

Net development effort is calculated using an estimating equation
that includes software function and complexity variables along with

experience measures.

A constant factor is used to estimate gross development effort
which then divided into phases using ratios.

QUTPUTS

Effort.

Scope. Analysis through Installation

Detail. System level

Table 1 ‘Coat) Summary of Model Characteristics
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DOTY

STRUCTURE
Type. Regression

First estimate. Development effort.
Multi-parameter

Effort is related to size and type of code by estimating equations.
For small systems the effects of 14 environmental parameters are
included using a product function.

QUTPUTS
Effort.

Scope. Detailed Design through Coding and Checkout
Detail. Total effort for a CPCI

Sevelopment time.

Table 1 (Cont) Su .nary of Model Characteristics




FARR AND_ZAGORSKI

STRUCTURE
Type. Regression

First estimate. Development effort.
Multi-parameter

Subsequent estimates. No further breakdown of effort

Effort is related to 5 predictor variables by an estimating equation.

QUTPUTS
Effort.
Scope. Detailed design through coding and checkout

Detail. Total effort for a CPCI

Table 1 'Cont) Summary of Model Characteristics




PRICE S

STRUCTURE
Type. Heuristic

First estimate. Portion of development cost (design cost)
Multi-parameter

Subsequent estimates. . Functional relationships

Cost is related to predictor variables by Tables and equations that
are either subjective or empirically derived.

Cost and effort are related by cost per unit time values that are
constant for a given phase.
QUTPUTS
Cost.™*
Scope. Detailed Design through Installation
Detail. Three phases, Design Implementation Test and
Installation. For each phase by activities
system analysis, programming, documentation,
management, quality assurance. Model options
include independent V&V, system integration.
Time.

Computer units.

* Alternative outputs are manhours or manmonths.

Table 1 .Cont) Summary of Model Characteristics




TECOLOTE

STRUCTURE
Type. Regression

First estimate. Development effort.
Single parameter

Subsequent estimates. . No further breakdown of effort.

Development effort is calculated using a cost estimating equation with
number of instructions as the independent variable.

OUTPUTS
Effort.
Scope. Requirements through Operational Demonstration

Detail. System or CPCI level.

Table 1 (Cont) Summary of Model Characteristics
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SLI

e

STRUCTURE

Type. Phenomenological

First estimate. Development cost.
Multi-parameter, (linear programming)

Subsequent estimates. Allocations using fixed ratios
Effort is related to predictor values using the “software equation."

This along with constraints on time, effort and cost define a range
of acceptable solutions (if any).

Cost and effort are related by a constant value of cost per unit.

QUTPUTS
Effort.

Scope. Detailed design through installation for the
primary output. Additional outputs include
analysis effort.

Detail. System level

Time.
CPU Time.
Documentation.

Table 1 (Cont) Summary of Model Characteristics
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WOLVERTON

STRUCTURE

Type.

First estimate.

Subsequent estimates.

Heuristic

Development cost.
Multi-parameter

Allocation using fixed ratios

Cost is related to routine size and category by a constant cost per
instruction for each category of software.

QUTPUTS
Cost.
Scope. Analysis through Operational Demonstration
Detail. Seven phases, each with up to 25 activities an

Computer cost.

eighth phase, Operations and Maintenance has
allocations among the 25 activities, but there
is no guidance for allocating the eighth phase
from the total.

Tavble 1 {Cont) Summary of Model Characteristics




